Se analiza el efecto de El Niño-Oscilación del Sur (ENSO, por sus siglas en inglés) sobre la precipitación en México. A diferencia de estudios anteriores, en éste se maneja una mayor cantidad de datos y se cubre más extensamente el territorio mexicano. En este trabajo se emplearon los datos de precipitación diaria de la base de datos CLICOM a partir de 1961, actualizada hasta 2015. El periodo de estudio se dividió en dos fases: 1961 a 1990 y 1991 a 2013, y se consideraron también separadamente las épocas fría y seca del año (noviembre-abril), y la cálida y húmeda (mayo-octubre). De esta manera, la cantidad de estaciones que superan los criterios de cantidad de información continua para un periodo determinado, aumenta considerablemente. Se utiliza el coeficiente de correlación de Pearson con una significancia de 5% para encontrar la relación entre la precipitación y el índice multivariado de ENSO (MEI, por sus siglas en inglés). Los resultados se presentan en mapas donde se observan regiones con precipitación por arriba o debajo del promedio. Claramente se identifica la región noroeste de México con una relación directa entre MEI y precipitación; mientras que se observa una relación inversa en la parte que se encuentra al sur del paralelo 22º N, durante los meses de verano. En el periodo invernal existe un aumento generalizado de la precipitación conforme aumenta el MEI. Se muestra la distribución de la lluvia para periodos normales tanto de invierno como de verano.
Introduction
Climate variations may be the cause of the apogee or decline of civilizations. For example, the fall of the Mayan civilization is thought to have been caused by a change in the position of the Intertropical Convergence Zone (ITCZ), which affected the thermal and humidity conditions needed to maintain the ecological balance in the region (Haug et al., 2003) . The Pacific Decadal Oscillation (PDO), the Atlantic Multidecadal Oscillation (AMO) and El Niño-Southern Oscillation (ENSO) are some of the global climatic phenomena which may affect local conditions of temperature and humidity (Mantua et al., 1997; Méndez et al., 2010; Stahle et al., 2016) . The oscillation of sea surface temperature above (positive phase) or below (negative phase) around its "normal values" is called PDO when present in the North Pacific (Bond and Harrison, 2000) , and AMO when occurring in the Atlantic; the period of the former ranges from 10 to 40 years, while the latter by a few decades (Schlesinger and Ramankutty, 1994) . El Niño-Southern Oscillation is an equatorial Pacific high-frequency anomaly compared to PDO or AMO, its period ranging from three to seven years. To assess the effects of these global climate episodes on the local environment, it is necessary to consider local phenomena such as precipitation.
ENSO consists of three phases (Glantz, 2000) :
a. El Niño, or warm phase, occurs when the anomaly of the SST is above average in the Eastern and Central Pacific; simultaneously in Indonesia, the amount of precipitation is reduced as opposed to Peru, Ecuador and contiguous regions of South America where it increases. This event is accompanied by changes in the intensity of trade winds, which even blow in the opposite direction. b. La Niña, or cold phase, happens when the temperature anomaly is below normal, and trade winds strengthen causing rainfall higher than normal in the Indonesian region. c. Neutral conditions occur when both SST and wind over the equatorial Pacific are close to normal.
The impact of El Niño has been studied in Mexico, mainly regarding precipitation. Salas-Flores et al. (2014) found that rain in the Yucatán Peninsula ( Fig. 1) is modulated by the intensity of El Niño. Bravo et al. (2010) found the relationship between El Niño and precipitation during the dry and wet seasons, and Magaña et al. (2003) discussed the frequency and intensity of cold fronts and their effect on the country during El Niño occurrence or absence. However, in those studies, a small number of stations that do not intensively cover the extension of the Mexican territory are used; in the later case the authors use information from reanalysis, which does not contain new information. El Niño effect on tropical cyclone activity has also been studied suggesting that during El Niño, the Atlantic tropical cyclones have a tendency to decrease, while during La Niña they tend to increase (Jáuregui, 1967; Gray, 1984) . Also, when the number of tropical cyclones occurring in the Atlantic increases, it decreases in the Northeast Pacific and vice versa (Elsner and Kocher, 2000; Wang and Lee, 2009) . Similarly, there are studies on the modulation exerted by the PDO on Mexico climate; Pavía et al. (2006) examined the PDO and ENSO combined effects on warm and cold seasons in temperature and precipitation; and Méndez et al. (2010) investigated it in regard to PDO only.
Materials and methods

A) Orography of the region
Orography of the region
Mexico is one of the few countries in the world that has coasts in two oceans: the Gulf of Mexico and the Caribbean Sea to the east in the Atlantic Ocean, and the Pacific Ocean to the west. Along the Pacific coast, its varied orography includes the Sierra Madre Occidental, the Sierra Madre del Sur and the Sierra de Chiapas; the first extends from the northern state of Sonora to the center in Colima, while the latest, as its name implies, lies on the southern state of Chiapas. Toward the Gulf of Mexico, the Sierra Madre Oriental runs from the state of Nuevo León at the north to the southern part of Veracruz. The territory narrows where the southern tip of Sierra Madre del Sur and Sierra Madre Oriental ends; in this place the Isthmus of Tehuantepec is located. The Isthmus of Tehuantepec is a plain that separates the Sierra de Chiapas from the above-mentioned ranges and represents the narrowest part of the Republic. The Yucatán Peninsula is a flat region that begins from the Isthmus of Tehuantepec and extends to northeast (Salgado et al., 2014) . The Baja California Peninsula is a narrow, mountainous fringe no more than 200 km wide and about 1000 km long, as illustrated in Figure 1 .
Mexico lies between latitudes 14º-32º north and longitudes 87º-117º west. Its location and orography allow for a great variety of climates, from arid in the northern part of the country, to tropical and humid in the south. In winter, meteorological systems of higher latitudes reach the central part of the country, being more remarkable in the coastal states of the Gulf of Mexico and at the high parts of the mountain ranges, producing precipitation and a decrease in temperature. During summer, there is an increase in temperature and rains that cover more than half of the southern territory, trade winds migrate toward north bringing humidity to the country, where they ascend the mountains causing orographic rains (Wallen, 1955; Mosiño, 1959; García, 2003) . In addition, tropical cyclones affect both coasts and produce large amounts of rain in the southern and central states; the main affected regions are the Yucatán and Baja California peninsulas.
Data set and seasonal characterization
We used the CLICOM (CLImate COMputing project) data base, a climate data managing software developed by the United Nations. Daily observations represent the last 24 h ending at 08:00 LT. In Mexico, this database is managed by the Servicio Meteorológico Nacional (National Meteorological Service), which integrates 5404 climate stations reporting precipitation since the early twentieth century (http://clicom-mex.cicese.mx); however, only a few stations have continuous records up to the present. The stations coverage (km 2 ) along the territory is shown in Figure 1 .
As shown in Figure 2 , the number of active stations decreased dramatically since 1991. Their distribution, selected according to criteria later explained, is rather inhomogeneous, being denser south of parallel 22º N (see Figs. 3 and 5) ; to the north and in areas of low population the station density is lower. For example, in Coahuila each station covers an area of 1318 km 2 , while in Mexico City it covers 25 km 2 . The inhomogeneity, which is related to population, is inherent to the data basis, and the absence of observations due to diverse causes is an additional shortcoming. In order to keep the largest number of stations in spite of previously discussed limitations, the period 1961-2013 was divided into two periods: 1961-1990 and 1991-2013 , the first period is long enough to estimate climate normals and may serve as comparison criterion. This procedure allows to achieve the greatest coverage and continuity of stations, and to compare the consistency of results for both periods. The dry/cold and rainy/warm seasons were studied separately; in northwestern Mexico, the wet season coincides with the cold season, whereas in the rest of the country, the warm season is rainy.
The amount of information required for a station to be used in the analysis was set as follows: each month had to be at least 27 days; each season should have six months, and at least 20 seasons should be considered. In the first period ) the selection procedure yielded 1530 stations for the warm season and 1875 for the cold season; in the second period , 1008 and 997 stations were yielded for warm and cold seasons, respectively. To satisfy that each and every month has the same weighting for the average calculus, despite the number of observed days (27 to 31), monthly 1904 1908 1912 1916 1920 1924 1928 1932 1936 1940 1944 1948 1952 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 Number and season averages of daily precipitation were calculated. The Multivariate ENSO Index (MEI) has been extensively used to indicate the presence and intensity of El Niño. This index considers six atmospheric and oceanic variables, which are sea-level pressure (P), zonal (U) and meridional (V) components of the surface wind, sea surface temperature (S), surface air temperature (A), and total cloudiness fraction of the sky (C). This set of data reflects the nature of the coupled ocean-atmosphere system better than either component alone (Wolter and Timlin, 1993) . Positive (negative) values above (below) 0.5 (-0.5) are associated to the positive (negative) phase of ENSO. This index is used to find out the relationship between rainfalls in Mexico and how it is affected by ENSO, by means of the Pearson product-moment correlation coefficient (Pearson's correlation, for short).
Statistical methods
The Pearson's correlation coefficient for a sample,
is a measure of the strength and direction of linear association that exists between two variables, and its values are -1 ≤ r ≤ 1; positive (negative) values indicate a direct (inverse) relation between them; r = 1 or r = -1 means an exact linear relation. It was calculated for the average MEI and average precipitation. The use of this coefficient requires the data to fulfill the following four conditions (Laerd Statistics, 2003):
1. Both variables should be measured at the interval or ratio level, i.e., they must be continuous. 2. A linear relationship between the two variables exists. 3. There should be no significant outliers. 4. The variables should be approximately normally distributed.
In order to assess the statistical significance of the Pearson correlation, the variables require having a bivariate normal distribution. As this is difficult to evaluate, a simpler method is more commonly used: checking the normality of the variables.
Since daily precipitation values may be large, then their frequency distributions are right skewed, so it is necessary to obtain annual or seasonal averages to get an approximate symmetrical Gaussian-type distribution, given that the average procedure smooths out the bigger values (Sánchez-San Román, 2008) . On the other hand, using the chi-square and Kolmogorov-Smirnov tests, the MEI distribution does not differ significantly (p < 0.05) from a Gaussian distribution. Thus, the significance for the samples in the Pearson's correlation coefficient can be calculated by commonly used methods. The null hypothesis is H 0 : r = 0; i.e., there is no linear correlation between the precipitation and MEI values, against H 1 : r ≠ 0, i.e., there is some linear correlation between variables. When the null hypothesis is true, the distribution of the parameter t is calculated by means of the correlation coefficient r with a sample of size N, and should have a Student distribution with N-2 degrees of freedom:
If the values of t exceed the limits of a 2-tailed 95% test, then the no correlation hypothesis between variables is rejected; i.e., a positive or negative correlation exists between them (Hogg and Craig, 1970) .
Since the relationship between rainfall and ENSO is studied, it is necessary to establish reference or normal values of precipitation. Distribution of rain along Mexico was obtained by K-means clustering. This method was used for classifying the stations into five groups of precipitation (Everitt et al., 2011) . The aim of K-means clustering is to divide M points of N dimensions into K clusters so that the within-cluster sum of distances is minimized (Hartigan and Wong, 1979) . This method allows defining geographic areas with similar characteristics in an objective approach. As stated previously, the stations were classified for both the warm/rainy and cold/dry seasons. The total amount for warm season precipitation is obtained by multiplying each cluster value by 184 (May-October); similarly, the cold season (November-April) amount is found by multiplying by 181 (or 182 if the previous year was a leap one).
Results
Warm/rainy season
In the warm season (May to October), the weather in Mexico is influenced by low-latitude systems, which cause a rise in precipitation. Such systems include the trade winds, tropical waves and, occasionally, the entrance of tropical cyclones. These systems are manifested mainly in the establishment of the rain season, although this is not noticeable in the northwestern part of the country where it spans from November to April. Figure 3 shows the geographical distribution of weather stations and their classification according to the K-means method. The summer rainfall geographical distribution is defined by five clusters: from 1.81 to 16.89 mm day-season -1
. The group of lower value (1.81 mm/ day-season, red crosses) occupies the northwestern and north states, limited by both the Sierra Madre Oriental and Occidental. It also covers a central strip oriented SE-NW. From the Gulf of Mexico, the precipitation increases until a maximum, related to the eastern slope of the Sierra Madre Oriental. The Yucatán Peninsula is not a region of high rainfall during summer, perhaps due to the absence of orographic elevations.
On the Pacific shoreline, rain increases in magnitude from north to south from 1.81 mm day-season -1 in Sonora to 16.89 mm day-season -1 in Chiapas, with intermediate amounts in the other states. On the slopes of the Sierra de Chiapas, the presence of the ITCZ and the passage of tropical waves produce rain in the southern states; however, this effect diminishes as latitude increases.
The relationship between precipitation and ENSO is determined by calculating the Pearson correlation coefficient as mentioned previously. with Cavazos and Hastenrath (1990) , Salinas et al. (1990) , Englehart and Douglas (2002) and Magaña et al. (2003) ; however, the rest of the stations are distributed without a clear pattern, this result is in disagreement with Salas-Flores et al. (2014) who found influence on the Yucatán Peninsula. The southern half of the country (except for the Yucatán Peninsula) is dominated by a decline in the rain with the presence of El Niño, also the northern part of the Sierra Madre Oriental shows a decrease in rainfall. Figure 4 shows the result of the correlation coefficient between ENSO and rainfall in Mexico. The left column displays, from top to bottom, the periods , and the union of both. The distribution of negative correlation is approximately the same for the first row; however, the density of stations is lower for the second period (second row) because there are fewer stations for the period 1991-2013. Under this premise, a third map was elaborated with the union of both periods, in which it is clear Fig. 6 . Left column, from top to bottom (a through c), negative correlation maps for 1961-1990, 1991-2013 and 1961-2013 Similarly, the right column of Figure 4 shows a positive correlation coefficient between ENSO and precipitation; notwithstanding the number of stations is lower the areas of positive correlation are also preserved in the two periods. The union of stations is in the lower row.
The complete span of time is obtained by adding both periods, which permits to have a higher density of stations and identify regions more clearly. Figure 4f shows that only in the northwestern area of the country, during the positive phase of ENSO, precipitation increases, in agreement with Englehart and Douglas (2006) and Walkowiak and Solana (1989) ; although, there are some other isolated stations with the same feature. On the other hand, rain decreases to the south of parallel 22º N except for the Yucatán Peninsula, where there are only few significant stations (see Fig. 4c ).
Cold/dry season
Winter precipitation was also classified into five clusters (Fig. 5) , which range from 0.19 to 7.13 mm day-season -1 . The cluster with the smallest amount of precipitation happens to be the most widespread and as such it virtually covers the entire coastal plain of the Pacific, from Chiapas to Sonora and most of the Baja California peninsula. The northern part of Baja California, as well as the southern tip of Chiapas, has more rainfall, up to 1.98 and 3.53 mm day-season -1 , respectively; this conglomerate, interrupted by a strip parallel to the coast with an amount of 1.01 mm day-season -1 , occupies almost the western half of the country. In the Gulf of Mexico slope, the interaction between the winds and the Sierra Madre Oriental is evident: the groups have precipitations ranging from 1.01 to 1.98 mm day-season -1 on the windward side of the mountains. More substantial amounts are found in the Tabasco and Chiapas Northern mountains.
During winter, cold fronts extend farther south, and the abaft anticyclone causes what is known as a "north": cold and heavy air moving from East that does not surpass the Sierra Madre Oriental and, therefore, produces northerly winds on the coastal plain. In addition, interaction with the mountains produces clouds and precipitation that occasionally reaches the central part of the Eje Neovolcánico (Trans-Mexican Volcanic Belt). The remoteness of the ITCZ and the absence of tropical waves are manifested by low rainfall along the Pacific coast, center, and north of the country. The influence of orography in winter precipitation is clearly seen on the mountain slopes toward the Gulf of Mexico, the northern mountains of Chiapas and the Tabasco coast, where a larger amount is noted. In the Yucatán peninsula, cold fronts can produce some rain. In the northwestern part of the country, there is a small region of highest rainfall associated with the presence of westerlies.
The correlation of El Niño with precipitation during the winter shows that most of the territory responds directly (Fig. 6d) ; that is, if the MEI increases (decreases), precipitation increases (decreases). On the slopes toward the Gulf of Mexico also in Oaxaca, Chiapas, Guerrero and Michoacán, there is a clear absence of stations with positive correlation. Stations with negative correlation are dispersed along the southern part of the Sierra Madre Oriental and the Sierra Madre del Sur (Fig.6a) . Similarly, in the 1991-2013 period, the coverage of stations with significant positive correlation extends over most of the country; Baja California Sur and Guerrero show an even greater presence of stations (Fig. 6e) . There is only one station in Chiapas where precipitation decreases with the increasing value of MEI (Fig. 6b) .
The entire interval was analyzed (Fig. 6c, f) ; it is notable that no changes are seen in the areas covered by positive or negative correlations, the difference is only evidenced by the number of stations. During the cold season, most of the territory has an increased amount of rain when El Niño occurs. In the Veracruz region of the Tehuantepec Isthmus, there is a lack of stations with significance. This deficiency might be the cause of the apparent decrease in precipitation found by Magaña et al. (2003) , who suggested it was due to the quick passage of the "norths".
Discussion and concluding remarks
El Niño involves coupled ocean waves and changes in atmospheric circulation (Bjerknes, 1969) . It is probably preceded by the weakening of trade winds on the Central Pacific, and it is also related to strengthening of westerly wind burst's (WWBs) (Luther et al., 1983) . More frequent WWBs occurrence is also clear, according to Eisenman and Tziperman (2005) ; they are modulated by the presence of El Niño and they are observed to migrate eastward as El Niño does (Keen, 1982; Harrison and Vecchi, 1997) . This, during winter in Mexico, is accompanied by the southward migration of the jet stream and a higher number of "norths" in the Gulf of Mexico (Magaña et al., 2003) .
The atmospheric circulation in the cold season, during El Niño events, is altered in Mexico so that the westerly winds reach greater extension to the south, moving moisture and increasing precipitation from the Jalisco coast northwards, and also in the Sierra Madre Occidental. Eventually, depending on the southern extension of the trough associated with the westerly winds, if cold air is present in the near surface levels, it causes the ascent of air that produces snow to fall in the upper parts of the Eje Neovolcáni-co, making clear an enhancement of moisture arrival. These events are related to the well-known WWBs, which at this time of the year reach these latitudes. In the Yucatán Peninsula there is also an increase in precipitation, probably because cold fronts are more numerous in the presence of El Niño.
In the presence of El Niño and during the warm season, the downstream segment of the Walker cell moves eastward, causing subduction and air heating that inhibits cloud formation and precipitation on a portion of the Atlantic, the Gulf of Mexico and the Mexican territory. This fact is directly associated with the weakening of trade winds and the decreased humid air inlet to the mainland. It also decreases the amount of precipitation in Mexico's southern half. Similarly, this movement inhibits hurricane development over the North Atlantic (Jáuregui, 1967) . Also, the northwestern part of the country reported an increase in precipitation during El Niño due to the variation in the position of the subtropical jet modifying the entry of maritime air and carrying moisture to the region. In addition, there is the presence of a zone with abnormally high SST.
During the warm season, south of parallel 22º N (excluding the Yucatán Peninsula), the presence of El Niño clearly decreases precipitation in agreement with Magaña et al. (2003) . There is an increase in rain over the Baja California Peninsula and in some more continental but dispersed stations over central and western Mexico. These conditions of decreased rain might be caused by the weakening of the trade winds and the displacement of the Walker cell to the west.
In another work, Salas-Flores et al. (2014) found that the Yucatán Peninsula presents a modulation of precipitation with the ENSO positive phase; that is, the greater ENSO intensity, the clearer the increase in rainfall, a relation which is not clear in this paper because there are no stations with significant correlation in this area. Pavía et al. (2006) , studying PDO-ENSO phenomena, found that in the winter season precipitation increases in the peninsulas of Baja California and Yucatán; in addition, they obtained a negative correlation with some stations of the southern states, namely Chiapas and Tabasco, corresponding with the results of this work.
Previous studies used a limited number of stations and periods that span the entire record of stations. The results of this work are in concordance with these, although ours allow a greater clarity, since a larger dataset has been used and the methodology permits to increase the number of useful stations. In this manner, it is possible to find that the behavior of the ENSO-precipitation relation in Mexico in two consecutive periods of time remains approximately unchanged. Table I summarizes the behavior of precipitation for both seasons and in conditions of El Niño or La Niña. 
